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ABSTRACT
Heat transfer characteristics of flat augmented surfaces in subcooled flow boiling with
water at atmospheric pressure were obtained as functions of the surface orientation and Reynolds
number. Data was collected with the heater surface temperature between 90C and 1 15C. The
maximum temperature recorded by the thermocouple closest to the heater was between 200C
and 220C. Five augmented surfaces and a base line plain polished aluminum surface were
prepared and their performance was experimentally obtained in a 3 mm x 40 mm rectangular
channel. The five augmented surfaces consisted of a sintered plain surface, microfin #1 (fin height
-
.132 mm, pitch - .635 mm, fin shape - round), sintered microfin #1, microfin #2 (fin height - .197
mm, pitch - .726 mm, fin shape - trapezoidal), and microfin #3 (fin height - .240 mm, pitch - .870
mm, fin shape - trapezoidal). Two microfin orientations of
0
and
20
were tested by rotating the
heater surface. The heat transfer performance of the heater surface in the non-boiling
(single-phase) and boiling regions were obtained over a Reynolds number range of 1565 to 7254
and compared with the plain surface performance.
Microfin #3 and microfin #1 exhibited better heat transfer performance compared to the
polished aluminum surface while microfin #2 transferred less heat compared to the polished
aluminum surface. For microfin #1 nucleation started as soon as positive wall superheat was
attained, while for microfin #2, microfin #3, and a polished aluminum surface awall superheat of
6 to 10 C was required for inception ofnucleation. A number ofparameters affect the heat
transfer from the augmented surfaces - subcooling, flow rate, swirl angle, surface finish, and
surface geometry. The effect ofthese parameters was investigated for the six surfaces studied.
Bubble activity was studied with the aid ofvideo images obtained using a regular 30
frames per second video camera and a high speed video camera up to 1 000 frames per second
under a magnification ofup to 43OX. As the degree of superheat increased beyond 10C, bubble
activity became faster and could not be tracked by the high speed camera which only showed
streaks ofbubbles. It is thought that this increased bubble behavior continues with faster and
smaller bubbles as the surface temperature continues to increase.
Using experimental data taken byMizo (1995), for flow boiling ofwater on a flat polished
aluminum surface, existing pool boiling bubble growth models were investigate for possible
extension into flow boiling. Extending existing pool boiling models to flow boiling proved very
complex. Mikic and Rohsenow's [17] pool boiling bubble growth rate model is well accepted in
literature. Limitations in applying this work to flow boiling were identified.
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1. INTRODUCTION
The mechanism ofnucleate flow boiling is ofgreat importance in a number of applications.
In flow boiling, liquid flows at some velocity inside a heated tube or over a heated surface. Heat
is transferred from the hot walls of the heated surface to the liquid. As nucleate boiling occurs,
heat is transferred more efficiently from the heated surface. Nucleate flow boiling applications
can be found in the heating and air conditioning, automotive, nuclear power, process,
pharmaceuticals, oil refinery and paper and pulp industries.
A good example ofpool boiling is stagnant water boiling in a pot on the stove. Heat is
transferred by natural convection and bubble nucleation. Extensive literature can be found on
pool boiling studies. Flow boiling has received little attention in the past even though it is
significant and relevant to a number of industrial applications.
In order to accurately predict the heat transfer characteristics of a heated nucleating
surface, it is essential to understand the heat transfer processes associated with this phenomenon.
Understanding the basic mechanisms responsible for nucleate bubble growth and boiling behavior
is the first step in developing accurate models to predict the heat transfer performance of
augmented tubes. This study is conducted using subcooled liquid which is frequently used in high
heat flux cooling in specialized thermally controlled applications like cooling microelectronic
chips, and cooling reactor cores under accident conditions.
Applications of augmented tubes are found in heat exchangers used throughout the
industries mentioned above. Microfin tubes are the most widely used augmented tubes. They are
used to produce heat transfer enhancement in boiling applications greater than the area
enhancement provided. Microfins are generally classified as fins smaller than .25 mm in height.
1
Designing microfin tubes involves extensive experimental investigations. This study focuses on
developing an experimental technique to evaluate different microfin designs.
2. OBJECTIVES OF CURRENT STUDY
The objective of the current study was to experimentally determine the heat transfer
coefficient, h, as a function ofwall superheat for flow boiling over augmented surfaces on flat
heater geometries. This experimental study of augmented surface heat transfer performance is the
first step in developing models to predict the performance of augmented tubing in heat exchangers
and in the cooling ofmicroelectronic chips. A literature search was conducted to study the
performance ofmicrofin tubes in flow boiling applications. To understand the mechanism ofheat
transfer in these tubes, a heat transfer and visual study was undertaken on flat surfaces equipped
with augmented surface geometries.
Six heater surface structures were tested under subcooled flow boiling conditions:
(1) Plain Polished Aluminum Surface
(2) Microfin #1, (fin height - .132 mm, pitch - .635 mm, Area Enhancement Ratio 1.14,
fin shape - round)
(3) Microfin #2, (fin height - .197 mm, pitch - .726 mm, Area Enhancement Ratio 1.21,
fin shape - trapezoidal)
(4) Microfin #3, (fin height - .240 mm, pitch - .870 mm, Area Enhancement Ratio 1 .26,
fin shape - trapezoidal)
(5) Sintered Plain Surface
(6) SinteredMicrofin #1
Each surface was machined to present a 9.4 mm diameter heated surface flush with the
rectangular flow channel. For each surface, the effect of the following parameters on the heat
transfer coefficient was investigated.
(1) Effect of Subcooling
(2) Effect ofFlow Rate
(3) Effect of Swirl Angle
(4) Effect of Sintering
(5) Effect ofWall Superheat
(6) Effect ofMicrofins
(7) Effect of Surface Finish
Nucleate boiling heat transfer is closely related to the bubble activity on the heater surface.
To understand this mechanism ofheat transfer, bubble growth rates on various surfaces were
investigated using a high speed camera. The current bubble growth models for pool boiling were
reviewed and an attempt was made to propose a new model for bubble growth in flow boiling
applications.
3. LITERATURE REVIEW
3.1 MICROFIN TUBES:
Microfin tubes are one of the most widely used enhancement devices in flow boiling
application in the refrigeration and air conditioning industries. Currently more than 30% of the
tubing used in the refrigeration and air conditioning systems is microfin [7]. Microfin tubes have
received increasing attention due to an emphasis on energy efficiency and more compact heat
exchangers. The enhancement in the heat transfer coefficient is associated with a relatively low
pressure drop penalty. In other methods of augmentation the pressure drop penalty can often be
significantly higher than the heat transfer enhancement factor. The enhancement factor EF is
defined as the ratio of the microfin tube heat transfer coefficient to that of a comparable smooth
tube at similar operating conditions. The heat transfer enhancements are due to a combination of
flow separation, secondary flow, or disrupting the boundary layer.
Microfin surfaces are characterized by fins smaller than .25 mm in height. These tiny fins are
formed on the inside of tubes, called microfin tubes. The fins are typically spiraled on the inside
of the tube, called the swirl angle. Schlager et al. [25] found that a swirl angle ofbetween 15 to
25 degrees relative to the axial direction produced the best heat transfer results. There is some
enhancement in single phase heat transfer, but microfin tubes are mainly used in boiling and
condensing applications where they provide an excellent heat transfer enhancement ratio.
The use ofmicrofin tubes has increased because they provide a large heat transfer
enhancement with a minimal pressure drop penalty. Another reason for using microfin tubes is
that the heat transfer enhancement they provide is much greater than the weight increase, 1 6 to
20% more than smooth tubes [6], or the material costs increase associated with them. A third
reason they have become very popular is that there are very few process modifications required in
the manufacturing of compact heat exchangers using microfin tubing.
There are many experimental studies reported in literature, a good summary is provided by
Schlager et al. [25], and more recently by Koyama et al. [15]. These investigations present the
experimental data on local heat transfer coefficients associated with flow boiling of different
refrigerants in a variety ofmicrofin geometries. This data is useful to the designer of equipment
incorporating microfins. Manufacturers ofmicrofin tubes also conduct such testing to arrive at
better microfin designs [28].
Since the microfins do not interrupt the bulk of the flow and accomplish their
enhancement only through flow modification near the boundary layer, the pressure drop increase
over a smooth tube is relatively low compared to other enhancement devices such as twisted tape
inserts. In literature, a number ofexperimental studies have been reported for tubes with different
microfin geometries. Earlywork by Khanpara et al. [14] presented a performance comparison of
ten different microfin geometries withRl 1 3 and R22, see Table 3.1.1. The tubes were made of
copper and the microfins had different profiles in terms of the shapes of the tip and the valley, and
the fin dimensions ofheight and pitch. From the experimental data, the best performing fin was
identified over a mass flux range ofabout 250 to 600 kg/m2s, a heat flux range ofabout 7. 1 to
12.8 kW/m2, and a quality range from 0.02 to 0.8.
Schlager et al. [25] reported an extensive study on the average heat transfer and pressure
drop performance of three horizontal 12.7 mm outside diameter microfin tubes, see Table 3.1.1.
The tubes had a maximum 11.7 mm inside diameter, 60 or 70 fins with heights ranging from . 1 5
to .30 mm, and spiral angles of 15 to 25 degrees. Results from the microfin tubes were then
compared to results of a smooth tube. The mass flux range was 75 to 400 kg/m2s, and a quality
range from 0.15 to 0.85. Heating was achieved by counterflow ofwater in the annulus around the
tubes. The results indicated that the heat transfer enhancement factor over the smooth tube
ranged from 1 .6 to 2.3, and in general decreased with an increase in mass flux. The heat transfer
coefficients for the microfin tubes were calculated based on the area of a smooth tube having an
inside diameter equal to the maximum inside diameter of the microfin tube. The corresponding
area enhancement ratios ranged from 1.33 to 1.51. The corresponding pressure drop ratio ranged
from 1.0 at low mass fluxes to about 1.5 at higher mass fluxes. The heat transfer coefficient
increased with increasing mass flux as would be expected. All three 12.7 mm microfin tubes
tested showed a significant increase in the heat transfer coefficient over that for a smooth tube for
the mass fluxes tested. The performance of all three microfin tubes was concluded to be similar
with a deviation ofonly 10 to 20 percent. This deviation is approximately the same magnitude as
the uncertainty cited in the experimental results.
While the heat transfer coefficient increased with increasing mass flux, the enhancement
factor, EF, decreased as the mass flux increased. The enhancement factor is defined as the heat
transfer performance of the microfin tube divided by the heat transfer performance of a smooth
tube with the same diameter. At low mass flux, EF had values of 1.8 to 2.3 but falls to around 1.7
for all three microfin tubes at higher mass flux. A possible explanation for the general downward
trend in EF as mass flux increased is that as the Reynolds number increases the turbulence induced
by the finned surface becomes less important relative to the turbulence level in the smooth tube.
Therefor the augmentation ofheat transfer due to turbulence decreases. The EF cited fall within
the range of enhancement factors summarized in Table 3.1.1. The increase in heat transfer is
generally greater than the increase in the internal surface area due to the fins. The pressure drop
penalties were also found to be less than the heat transfer increase. The effect ofgeometry was
seen to be somewhat independent of the tube diameter over the range investigated.
Koyama et al. [15] reported results on forced convection flow boiling ofpure refrigerants
HCFC22, HFC134a and HCFC123 flowing in a horizontal microfin tube. These results are based
on the actual inside surface area in the mass flux range of200 to 400 kg/m2s, a heat flux range of
5 to 64 kW/m2 and a pressure drop penalty of .07 to .24. The geometry of the microfin tube used
is shown below in Table 3.1.1.
Koyama et al. [15] reported that the heat transfer coefficients of this tube are 30 - 150%
higher than those of smooth tubes. The average enhancement ratio is about 100% or 2 times
those in smooth tubes at the same conditions.
Ito and Kimura [10] present results using R-22 in 1 1.2 mm ID. tubes. Tubes that can be
classified as microfin tubes are shown in Table 3.1.1. Ito and Kimura found that the heat transfer
performance is increased up to 200 percent over a smooth tube without a substantial pressure
drop increase. They found the optimum size of the internal grooves for 11.2 mm I.D.. horizontal
tubing to have a depth of .2 mm, a pitch between .5 and 1 mm. The heat transfer coefficient
increased with flow rate only in the low flow rate range. The pressure drop associated with a
groove depth of greater than .2 mm was more significant especially at higher flow rates. When
the groove inclination angle was 0, or the flow was parallel to the grooves, the boiling heat
transfer coefficient was almost the same as in the smooth tube, providing very little enhancement.
Another study using R-22 as the working fluid was performed by Chiang [6]. He reported
results using four different microfin tubes shown in Table 3.1.1. Evaporation tests were
performed at about 4.4T with mass fluxes from 135 Kg/sm2 to 400 Kg/sm2. All the tubes tested
showed that their average evaporating heat transfer coefficients increased over smooth tubes.
The axial grooved tube out performed the helical grooved tubes of equal diameter over most of
the mass flux range tested. The axial grooved tubes yielded lower heat transfer coefficients as the
mass flux dropped below about 175 Kg/sm2 for both the 7.5 mm and 10 mm tube diameters. The
pressure drop was 15 percent higher for the 10 mm helical grooved tube compared to the 10 mm
axial grooved tube over all of the mass flux range tested. The added pressure drop may be
attributed to secondary swirling flow effects caused by the helical ribs.
Even though there is considerable analytical work on the heat transfer associated with
flow boiling, the prediction ofheat transfer in flow boiling remains experimental. This is due to
the complex hydrodynamics and heat transfer processes involved. Khanpara [14] has shown that
there are at least eight geometric parameters that can affect microfin tube performance. Due to
these complexities it is generally recommended that experimental data rather than analytical
results be used as the basis for finned tube performance whenever possible. Currently there are no
universal correlation's to predict microfin tubes heat transfer performance as a function of fluid
properties.
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3.2 HEAT TRANSFER AUGMENTATION:
There are many methods of heat transfer augmentation other than the use of microfins.
One method of enhancing smooth tubes is to use tube inserts. Inserts include metallic mesh, static
mixer elements, rings, disks, balls, and bent strips. As mentioned earlier there are substantial
pressure drop penalties associated with these devises. They are essentially flow blockages and
therefore are only used in laminar flow. Another enhancement technique is to use swirl-flow
devices. They include inlet vortex generators, twisted-tape inserts, and axial-core inserts with
screw type windings.
A classification known as structured surfaces offers some interesting possibilities. These
surfaces include rolled over low fins, tunnel and pore arrangements, flattened low fins, knurled
low fins, and sintered porous metallic matrix surfaces. These surfaces offer the advantage of not
only having a high heat transfer coefficient but boiling can also take place at very low temperature
differences. Structured surfaces offer a complex liquid vapor exchange. Thin film evaporation
occurs over a large surface area as the liquid flows at random locations around the fins or through
selected pores to the interior of the structure.
Webb [32] studied nucleate boiling on porous coated surfaces. He found that particle
diameter did not affect performance of a surface. The best enhancement took place with a coating
thickness in the range of three to four particle diameters. A good summery of testing of porous
coatings is given. The four geometric variables of porous coatings are: the particle size, the
particle shape, the coating thickness and the particle packing arrangement. When spherical
particles were used the coating thickness ranged from .25 to 2.0 mm. Instead of the particle
11
diameter influencing nucleate boiling, it is speculated that it is the pore size, the void space
between particles, that is the key characteristic dimension.
12
3.3 BUBBLE GROWTH THEORY
Extensive work has been done in analyzing bubble.growth rates in pool boiling in the past
40 years. Bubble growth models were first developed in a uniformly superheated liquid by Plesset
and Zwick (1954), Forster and Zuber (1954), Scriven (1959), and Mikic, Rohsenow and Griffith
(1970). The next development in this area was to extend the solution to a non-uniformly heated
liquid. This was performed by Griffith (1958), Savic (1958), Bankoff andMikesell (1958), and
Han and Griffith (1965). Their solutions were based on the energy equation and the solutions
were very complicated. Others like Zuber (1961) and Van Stralen, and Mikic and Rohsenow
(1969) worked with simpler models to provide a useful and easy to use solution. The final result
ofthese studies are equations which give an expression for the bubble radius at any time.
The development ofbubble growth models is generally divided into two categories:
growth rates controlled by inertia forces and growth rates controlled by heat diffusion or
asymptotic controlled growth. In the inertia controlled region models are applicable in the range
ofhigh Jakob numbers and relatively low pressure drop. The transition between the two regions
is not well defined. It is difficult to identify which model to use unless previous experimental data
was obtained under similar operating conditions.
Mikic, Rohsenow and Griffith [18] developed a model for a uniformly superheated liquid
applicable to the entire range ofbubble growth in pool boiling. This differs from other models
mentioned above because it is applicable over both the inertia and heat diffusion growth. Mikic
and Rohsenow [17] also extended this solution to a non-uniformly heated temperature field.
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Mikic, Rohsenow and Griffith [18] developed a growth curve in non-dimensional form
which is applicable in the entire range ofbubble growth in pool boiling in a uniformly superheated
liquid. They compared this analytical relation to experimental data presented by Lien and Griffith
(1969) with very good results.
The conditions which determine bubble growth were considered to be vapor pressure
inside the bubble greater than outside the bubble and a temperature difference between the vapor
inside the bubble and the temperature distribution in the fluid surrounding the bubble. The bubble
was assumed to grow from R = 0. Rather than use the equation ofmotion to relate vapor
pressure to the liquid motion, an energy balance was used instead. This approach was developed
neglecting irreversible conversion to internal energy, gravity, and the work done by viscous
forces. We now proceed to establish a relationship between the rate ofbubble growth and the
heat transfer parameters following the procedure inMikic et al! [18].
The continuity equation for an incompressible liquid that extends in all directions to
infinity is given as:
M(^) = 0 (3-D
where u is the liquid velocity. At the liquid-vapor interface, r = R, neglecting the mass transfer
due to evaporation, the liquid velocity can be written as the change in bubble radius with time:
^ = f 0.2)
As the bubble forms and the radius increases, work is performed on the surrounding
liquid. The total work done by the growing bubble on the surrounding liquid is equal to the total
14
kinetic energy of the surrounding liquid. The total kinetic energy of the liquid mass at any time
can be found using the following expression:
K. = %%*dV (3.3)
For a spherical bubble growing on a plain surface, the above equation is reduced to [27, 33]
*.. = 9.35P/()2/?3 (3.4)
The net work done on the liquid as the bubble grows from R=0 to R=R is expressed as
W=4%l*piR2dR-litpaJl:i (3.5)
The vapor pressure inside the growing bubble (pv) is
Pv=Pi +f (3-6)
Neglecting the pressure drop across the liquid-vapor interface, the work done on the liquid can be
approximated by:
W=4%j*(pv-PeB)R2dR (3.7)
Assuming that the variation in the vapor pressure for each individual bubble growth is not large,
the integral is approximated with the first term.
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W=inR3(pv-px) (3.8)
Setting the net work done (3.8) equal to the total kinetic energy of the liquid (3.3)
f)W-^ (3.9)
where b = 2/3 for bubble growth in an infinite mass of liquid, and b = j for a spherical bubble
growing on a surface, also know as the Rayleigh [21] solution for inertia controlled growth.
Using the linearized Clausius-Clapeyron equation, the pressure difference in equation (3.9)
can bewritten in terms of the temperature difference
Pv-p<a T,-T3t
Pi PiTu
Equation (3.9) can then bewritten
Pvhfg (3-10)
(f)2^21^ (3H)
where
AT=T.-T. andA^^f
Bubble growth is then caused by the evaporation of the liquid at the vapor-liquid interface. The
maximum potential temperature difference between the liquid and the vapor is (T, - Tv)
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Tv is different from Tx between the limits of Tx and Tsat. The heat required for evaporation is
supplied from the superheated liquid.
Bubble growth in an initially superheated liquid due to a constant temperature difference
(Too - Tv) was investigated by Plesset and Zwick [20], and Scriven [24]. They obtained the
following relation
dR 1 B T-Ty ,_ ...
dt 2 yr AT (A1 4)
where
J ; the Jakob number Ja =y^ ; and a is the thermal diffusivity.
Assuming that the variation in Tv is small for a particular bubble's growth, (3.12) can be
used to approximate the vapor temperature required for a given bubble to grow. Solving for
(Tv - Tsat)/AT from (3.12) and substituting the results into (3.1 1), the following is obtained:
Solving for dR/dt and writing the results in a dimensionless form,
ff = (f+ + !)'-(* <3-14)
where
R "F
and
17
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Integrating (3.14) and setting R+=0 at t+=0, the general bubble growth relation was obtained as
*+
= ! (r+ + l)2-(/+)2-l (3.15)
Mikic and Rohsenow [17] extended this solution to account for a non-uniform
temperature distribution in the liquid. At time t = -tw , the liquid at uniform temperature Tb comes
in contact with the surface at temperature Tw. At time t = 0, the bubble forms and the water
surface temperature drops to T^ at x = 0 (the wall). From t > 0, the bubble grows in the
non-uniform temperature distribution caused by the transient conduction heat transfer to the liquid
in the time interval -t< t < 0. The inertia and surface tension forces are neglected during the
bubble growth.
The transient heat diffusion equation is given by:
^-a& (3-1)
Solving for the temperature distribution in the liquid using the following boundary conditions:
and
T(x,t)-Tb=0 for t>-tw
T(p,t)-Tb = Tw-Tb
T(x,0)-Tb = 0 forr>0
T(0,t)-Tb=-(Tw-Tsat)
where tw is the waiting time or the time from when the uniformly heated liquid at Tn touches the
superheated wall at Tw until the time the bubble starts to form at t = 0. At t = 0, the liquid surface
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temperature drops to TM corresponding to the vapor pressure inside the bubble. The vapor
temperature inside the bubble is assumed constant equal to Tv. The temperature distribution can
then be found to be
T(x,t)-Tb=(Tw-Tb)erfc (Tw - Tsat)erfc
2jat
_
forf>0 (3.17)
The heat flux at the liquid vapor interface follows from (3.17) as
CL=*feL4i~Tigl Ty,T),a Jnait+tw) (3.18)
The second term represents the effect of a non-uniform temperature distribution in the liquid.
Since (3.18) is based on a one dimensional model Mikic and Rohsenow assumed that the actual
heat flux could be expressed as
J =Ol T-Tlal Tw-Tb/ojcF Jnait+tw) (3.19)
where C is a constant. As the waiting time approaches infinity the liquid is heated to a uniformly
heated liquid. The value of the constant C is then obtained from Scriven's [24] solution of the
uniformly heated liquid. This was found to be JJ . It follows that the growth of a vapor bubble
which is driven by heat transfer can be written as
m i_a_
dt 2Ji AT -<*) (3-20)
19
where
9 = U-Tb
lw~1 sat
It is again assumed that (3.20) can be used to relate Tv to dR/dt for a particular bubble growth.
Calculating Tv from (3.20) and substituting it into (3.11), the following dimensionless form is
obtained:
dR+
dt+
t+ + \ -0G4) -o+v (3.21)
This differs from the solution published in Mikic and Rohsenow (1970) and the Handbook of
Heat Transfer Fundamentals, page 12-16, where it is misprinted as
dR*
dt+ t++\ +ete) -(t+y (3.22)
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3.4 RECENT DEVELOPMENTS:
There have been many new developments in the field of flow boiling at RIT in the past five
years. Kandlikar and Stumm [11] have presented theoretical and experimental work on nucleating
vapor bubbles in subcooled flow boiling ofwater at atmospheric pressure and 60T in a 3 mm x
50 mm x 400 mm long rectangular test channel. A new model was developed to analyze the
forces acting on vapor bubbles under pseudo-static conditions corresponding to the thermally
controlled region of bubble growth. The model considers a front and rear control volume
approach. The forces due to surface tension, buoyancy, drag, pressure difference, and momentum
changes are considered. This model also considers the effects of different upstream and
downstream contact angles. The new model and an experimental study at RIT confirm that
bubble removal in flow boiling for small diameter bubbles (less than 500 micrometer) is initiated at
the front edge of the bubble through a sweep-removal mechanism. Previous models available in
literature consider a force balance on the entire bubble, and are unable to address the effect of a
significant reduction in the component of the surface tension force in the flow direction at the
leading edge caused by an increase in the upstream contact angle.
The investigation of the forces acting on individual bubbles growing under subcooled flow
boiling conditions is of practical interest in predicting the point of net vapor generation. This
study focused on much slower bubble activity in the thermally controlled region ofbubble growth
where a static force balance can be applied. It is concluded that the upstream and downstream
contact angles are dependent on the flow velocity. The flow velocity also affects the bubble
departure diameter and the contact angles go through maxima and minima at the upstream and
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downstream edges. Using the control volume approach to analyze the upstream and downstream
regions separately, four possible mechanisms are identified for bubble departure. Out of these
four possible mechanisms, the sweep removal at the front edge is determined to be the mechanism
responsible for bubble departure.
In the work ofKandlikar et al. [12] the effects ofwall superheat and flow velocity on the
nucleation characteristics of cavities of different radii were determined for flow boiling of
subcooled water near atmospheric pressure in a 3 mm x 40 mm rectangular channel. The cavities
studied were natural cavities on a polished aluminum surface. In this study the effect of flow,
surface temperature, and subcooling were investigated to determine the cavity sizes at inception
and to determine the range of active cavities under a given set of conditions. It was determined
that by increasing the flow rate, a larger wall superheat is needed to activate the cavities. The
range of active cavities also shifts towards smaller radii. The effect of subcooling is very complex
on nucleating cavity radii. It's effect is strongly coupled with the flow rate. It is noted that bubble
activity becomes very rapid at lower values of subcooling or when the bulk water temperatures
are high. The effect ofwall superheat shows that as it increases, smaller cavities are activated and
the heat transfer coefficient increases with increased nucleation activity. At higher bulk
temperatures, the nucleation seemed to be too rapid and thus reduced the nucleate boiling
contribution. This was mentioned as an area where further work is need to verify these results.
Exact conditions ofnucleation inception are very difficult to obtain.
In another paper by Kandlikar et al. [13] the effects of flow rate, subcooling, heater
surface temperature, and cavity size are investigated and specific trends observed in the growth
rate behavior are reported. The growth rates in flow boiling are compared with ones for pool
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boiling cases, and a need for an improved model for predicting bubble growth rates in flow boiling
is established. The bubble growth of individual bubbles occurs in a flowing liquid under the
presence of strong velocity and temperature fields in the vicinity of the wall. These conditions
make the transient models for pool boiling no longer directly applicable. The work presented in
this paper is part of an ongoing effort to understand the mechanism of nucleation in flow boiling.
The focus of this work is to obtain experimental data for the bubble growth rates in flow boiling.
As the flow velocity increases, bubbles start nucleating from smaller cavities. The
departure bubble radii also become smaller with increasing flow velocity. The higher flow rates
make the temperature gradient larger near the wall and larger cavities can no longer be activated
as hypothesized.by Bergles and Rohsenow [4]. A change in wall superheat acts to increase the
bubble growth rate from a nucleating cavity. The growth rate increases very rapidly near a certain
value ofwall superheat, dependent on the operating conditions. Bubble frequency also increases
with increasing wall superheat. The effect of subcooling is rather complex. At lower bulk
temperatures, high subcooling, bubbles formed slowly and were essentially in the thermally
controlled region due to rapid condensation occurring at the top of the bubble exposed to the bulk
fluid flow. At higher bulk temperatures the bubble growth was rapid, departure bubble radii
became smaller and bubble frequency increased. It was reported that at bulk temperatures above
85 C no bubble activity could be observed with surface temperatures up to 1 16 C.
The fundamental mechanisms responsible for the heat transfer enhancement in microfin
tubes have received very little attention in literature. For example, it is not known how bubble
nucleation is affected and what are the relative contributions from nucleate boiling and convective
mechanisms. The effect ofdifferent fin parameters on the heat transfer mechanisms is also not
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well understood. Improvements in fin designs are primarily based on extensive experimental
investigations with different fin shapes and fin dimensions. The current study represents the first
step in addressing these issues and provides an insight into the fundamental processes involved in
flow boiling inside microfin tubes.
It is difficult to obtain a clear picture of the bubble characteristics and local heat transfer
information in microfin tubes. To facilitate viewing the microfin surface, the present study
employs a flat heater surface with microfins machined on it. It is necessary to first establish that
the flat microfin surface exhibits similar heat transfer characteristics to those of a microfin tube.
Bubble nucleation characteristics for the flat microfin surface also need to be visually investigated
as a first step toward understanding the flow boiling mechanism in microfin tubes.
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3.5 EFFECTS OF SURFACE TENSION:
We discovered that it was essential to keep the water in the experiment free from
contaminants, as these affect the surface tension characteristics ofwater, and the surface tension
impacts the bubble growth. Liquid surfaces tend to contract to the smallest possible area. This
tendency results in the spherical form of small drops of liquid. Surface tension values are
influenced by two important factors: fluid temperature and presence of contaminants.
As temperature increases, the kinetic agitation of the molecules and the tendency of the
molecules to fly outwards increases causing the surface tension to decreases with rising
temperature. As temperature rises towards the critical point, the restraining force on the surface
molecules diminishes and vapor pressure increases. When the critical temperature is reached the
surface tension vanishes altogether.
The second major factor affecting surface tension is the presence ofone or more
substances dissolved in the fluid. Even in low concentrations these dissolved substances can
significantly alter the surface tension value of a fluid. This is the case with a typical soap solution
added to water. Because water is highly polar, other polar molecules are readily accepted into its
structure and nonpolar compounds such as hydrocarbon chains, are not.
Because so many substances can act as surfactants in water, and since only a minute
amount ofthem can result in a monolayer at the interface, it is very easy for the surface tension of
water to be altered by only small traces of contaminants.
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4. EXPERIMENTAL INVESTIGATION
4.1 EXPERIMENTAL SETUP
The experimental setup employed in this studywas first developed by Kandlikar and
Stumm [11], and was later modified by Kandlikar et al. [12, 13]. A schematic is shown in Figure
4. 1. 1. It consists of a constant temperature bath, flowmeter, rectangular flow channel,
microscope, video recording system, and a temperature data acquisition unit. The constant
temperature water bath is equipped with a duplex pump to provide a steady flow ofwater at a
constant temperature between 5 and 99T maintained within 0.02 C. The flow rate was
measured with a flow meter connected between the water bath and the inlet ofthe test section.
The test section consisted of a 3 mm x 40 mm channel made of 6061-T6 aluminum. A
9.4 mm diameter circular heater was machined from 2024-T3 aluminum. Four thermocouples
were placed along the length ofthe rod in the 9.4 mm diameter section. E-type thermocouples
were used with an accuracy of . IT. They were bonded in the center ofthe heater's diameter
using Omega CC High Temperature Cement. The thermocouples were connected to a Keithley
740 System Scanning Thermometer. A fifth thermocouple was attached to the scanning
thermometer and monitored the ambient air temperature.
Different heaterswere then mounted into a Torlon bushing and placed flush in the center
ofthe 40 mm horizontal wall ofthe channel. The Torlon bushing and the heater were press fit
into their respective assembly positions. The aluminum 9.4 mm heater extends into a 25 mm
diameter section overwhich a circumferential heater was placed. AWatlow ckcurnferential
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electrical resistance heater was used. Fiberglass insulation was then wrapped around the heater to
insulate it from the surroundings. Details of the heater assembly are shown in Figure 4. 1 .2.
The different heaters used were a plain polished aluminum surface, a sintered plain
surface, microfin #1, microfin #1 sintered, microfin #2. and microfin #3. The heater elements
were machined to the geometry shown in Figure 4. 1.3. The surface of the polished aluminum
surface is shown in 4. 1.4 magnified 1350X. From this image an estimate of the cavity sizes on the
surface can be made. Average cavities on the polished aluminum surface were approximately .2
microns in diameter. Details of the microfin geometries can be found in Table 4*1.1. MjgfS&in
#1 was created by machining the 9.4 mm diameter aluminum rod to generate aflttucrofin surface
shown in Figure 4. 1.5, and dimensions shown in Figure 4. 1.6. The surface ofmicrofin #1 is
shown magnified 1350X m Figure 4. 1.7. The average cavity oninicrofin #1 were 24 microns"in
diameter. The microfins were manufacturetFby dressing a grinding whfel to the desire&fin
profile. The grinding wheel was then used to form naferofins 0. 13 mm deep at a pitch of0.64 mm.
Microfin #2 and microfin #3 were manufactured at the Institute for Mcro-Machining at the
Louisiana Technical University. Their geometry is shown in Figure 4.1.8 and Figure 4. 1.9
respectively. Dimensions ofmierofinr#2 and microfin #3 are seen in Figures 41.10 and 4. 1. 1 1
respectively. The manufacturing process for microfin #2 and microfin #3 was tte same producing
similar surface finishes shown in Figure 4. 1 . 12 for microfin #2 and Figure 4. 1JL3 fftnicrofin #3 .
The average cavityj^e was determined to be 4 microns in diameter.
The sintered surfaces were manufacturejL|>y wetting the surface inwater and applggg
spherical aluminum particles to the surface. The heaters, plain surface andMffefin #1, weretlen
baked in an oven at 425T for 4 hours. The resultwas a sintered almninmn su^ace with some of
the 45 micrometer spherical particles bonded to the surface. The plain sintered surface is shown
magnified 1350X in Figure 4. 1. 14. The average cavity size stayed close to the same with an
average diameter of 3 microns. Sintered microfin #1 is shown in Figure 4. 1. 15. The average
cavity size after sintering was reduced to 3 microns in diameter.
The area enhancement factor for the microfin surfaces were obtained from the video image
ofthe side view of the microfin surface. The length of the fin profile between two peaks was
measured over several fins. The area enhancement factor was then determined by dividing the fin
profile length by the straight line distance between the peaks. The area enhancement factor for
microfin 1 was found to be 1. 14. The area enhancement factor formicrofin 2 and microfin 3 were
1.21 and 1.26 respectively.
To record visual observations, a 50 x 50 mmwindowwas placed in the top ofthe flow
section allowing visual access to the top ofthe heater's surface. The window was constructed
from 1/4" thick polycarbonate. The heater was placed 300 mm from the inlet in order to achieve
a fully developed flow. The transition from the
1/2" diameter inlet was also gradually increased to
support a fully developed flow.
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4.2 EXPERIMENTAL PROCEDURE:
Before taking experimental results the test loop was cleaned. To do this the distilled
water was heated to above 90C and left to circulate through the test section for at least two
hours. The tank was then drained and wiped out with paper towels to remove any sediments or
residues on the inside ofthe constant temperature bath. Special care was taken not to use any
chemical cleaning solutions or any other contaminants because oftheir substantial impact on the
surface tension values for water.
Filling the test section again with distilled water it was once again circulated through the
test loop at above 90C for at least two hours. This was performed to remove any dissolved
gasses in the water. Degassing was performed to make sure that the bubbles observed were
caused by heterogeneous boiling. Experimental data was collected after this was performed. The
constant temperature bathwas set to the desired bulkwater temperature and the heater was
turned on to produce an initial temperature of95C or so at thermocouple 10. This allowed for
the single phase heat transfer coefficient to be determined before the onset ofnucleate boiling.
The flow rate was then selected as a percentage ofthe systems maximum flow rate of2.53 GPM.
The systemwas then allowed to reach steady state and the thermocouple readingswere recorded
as well as the amperage and voltage ofthe heater. The voltage ofthe heater was then
systematically increased until thermocouple 10 reached 120C providing
10
superheat. For fear
ofdamaging the test setup temperatures higher than 210C at thermocouple 7 were not achieved.
10C superheat was sufficient to see the effects ofnucleate boiling on the heat transfer capabilities
ofthe heater surface.
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During experimental procedures photographic images were recorded ofbubbles forming
on the heater surface. At lower superheats a Hitachi color camera was used to record the onset
ofnucleation boiling. Slowly forming bubbles were recorded on a VCR tape. As the superheat
increased so did bubble nucleation until it appeared as though no bubbles were forming because
they were growing and releasing at such a rapid rate. To record this phenomena, a high speed
Kodak Ektapro camera was used. Having the capabilities to record images up to 6000 frames per
second allowed us to see bubbles forming at extremely fast speeds that could not be observed
with the naked eye or with the color camera recording at 30 frames per second. Images were
obtained at generally 1000 frames per second and then transferred to a VCR tape where they
could be reviewed. On the VCR tape the images could be viewed in slowmotion on a monitor
and visualmeasurements could be taken directly from the screen. The effective magnification of
the high speed camera as well as the color camera are shown in Figure 4.2. 1. This was done to
allowmore space on the high speed tape which could hold only 30 seconds ofimages recording at
1000 frames per second. Care was taken to record all the recording data, the magnification, the
session number and flow conditions so it was clear later when the tape was reviewed. Data sheets
were also carefully organized so it was possible to later review any image conditions or heat
transfer data from a test run.
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4.3 THERMONET ANALYSIS
4.3.1 THERMONET MODEL:
In order to determine the temperature at the surface of the heater, a model using a
commercial software ThermoNet was used. The heater assembly consisting ofthe aluminum
heater, Torlon bushing, and fiberglass insulation was discretized into a thermal network of 66
nodes as shown in Figure 4.3. 1, a VisualNet model. Resistances were calculated using the
following equations.
Rcond = jj- (Axial Conduction) (4. 1)
Rcond = 2kL (Radial Conduction) (4.2)
Rconv = j^ (Convection) (4.3)
Ac is the cross sectional area and As is the surface area and r1 is the inner radius and r2 is
the outer radius of a cylinder. Using a spreadsheet, all the resistance values needed for the model
were calculated as shown in Figure 4.3.2. Figure 4.3. 1 also shows a model ofthe resistances.
The node and resistance values were transferred from VisualNet to ThermoNet. Once the
ThermoNetmodel was developed it was used to find the surface temperature ofthe heater.
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4.3.2 ANALYSIS PROCEDURE:
The temperature distribution was obtained at the four thermocouples located along the
length of the heater as shown in Figure 4. 1.2. In order to determine the surface temperature a
modelwas developed using ThermoNet, a thermal network analysis software. The temperatures
along the length of the heater, see Figure 4. 1.2, are represented by nodes 1, 6, 12, and 18. Node
1 is the bottommost thermocouple and node 18 is the thermocouple closest to the heater surface.
The temperature at thermocouple 7 was entered into node 1 for the heater temperature at
sub-cooling conditions. The bulkwater temperature was then entered into node 22. Since no
boiling occurred on the Torlon surface, the heat transfer coefficient was a single phase value with
no boiling component. These values were obtained from previouswork performed by Kandlikar
et aL [13] and plain surface data collected in this study. The single phase convective resistance
between the Torlon andwaterwas then calculated and entered in resistor 130. An initial guess of
the resistance between the heater surface and the water was input into resistor 80.
A steady state analysis was then performed on the model. The calculated temperatures for
the four thermocouples, nodes 1, 6, 12, and 18 were then compared to the experimental values,
T7, T8, T9, and T10. By adjusting the resistance between the heater surface and the water, the
thermocouple readings were matched to within . 1C. For further temperature profiles with the
same bulkwater temperature the resistance between the Torlon and water was held constant. The
resistance between the heater surface and the water fluctuated taking into account the additional
heat transfer associated with the nucleate boiling component. After matching the temperature
distribution, the total heat transfer from the heater surface (node 21) to the water (node 23) was
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found viewing the results of the ThermoNet steady state analysis. The heat transfer coefficient, h.
can then be determined using the equation for convective heat transfer.
q = hAs(TsuRF ~ Tbulk) oxh= j-j
This process was repeated for each set oftemperature readings taken during testing.
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4.4 DETERMINATION OF EXPERIMENTAL ERROR:
There were several sources of error associated with the experimental setup and the data
collection techniques utilized.
The bulk temperature of the liquid, TBULK, could be controlled within 0. 1C in the
constant temperature bath.
The flow rate and the flow velocity were measured within accuracy of 1 % ofthe
rotameter range which yielded an error of0.025 GPM.
The heater surface temperature, obtained from the ThermoNet model was accurate
within 0. 1C for a bulkwater temperature of80C. Error increased as (TSURF-TSAT) decreased
because ofthe relative magnitudes ofthe error involved and the small temperature differences.
The thermocouple temperature readings, used in the ThermoNet analysis were accurate
within 0.1C.
The visual measurements were accurate within .25 mm as a result ofmeasuring from
screen images.
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5. EXPERIMENTAL RESULTS AND DISCUSSION
5.1 EXPERIMENTAL RESULTS:
The experimental results consisted of the flow rate and four thermocouple readings along
the length of the heater, locations shown in Figure 4. 1.2. The temperature readings were used in
ThermoNet to obtain the surface temperature ofthe heater as described in section 4.3.2. After
matching the temperature distribution, the total heat transfer from the heater surface to the water
was found viewing the results ofthe ThermoNet steady state analysis. The heat transfer
coefficient, h, can then be determined using the equation for convective heat transfer,
q = hAs(JsuRF ~ Tbulk) (5. 1)
where As is the plain surface area for all calculations. Reynolds numbers corresponding to 10% ,
20%, and 30% of the n^ximum velocity of 1.33 m3/s (maximum flow rate of2.53 GPM) were
calculated for a bulk water temperature of60C, 80C, 90C and 95C. The Reynolds number,
Re = (5.2)
was calculated using a hydraulic diameter of5.58 mm The hydraulic diameterwas calculated
using a cross sectional area of .00012
m2
and a wetted perimeter of .086 m Refer to Appendix A
for Reynolds number calculations
The experiments were performed with a constant temperature ofwater maintained to
within + 1C. The flow rate was adjusted to yield Reynolds numbers between 1565 and 7254
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dependent on the bulk water temperature and the flow rate. Two microfin orientation, or swirl
angles, of
0
and
20
were tested. The experiments were performed with heater surface
temperature from 10 C below the saturation temperature to a wall superheat of around 10 "C.
Figures 5.1.1- 5. 1.4 show the results obtained using a polished aluminum surface. The
surface was polished using 1 micrometer particles in suspension. The heat transfer performance
of this surface is typical of the surfaces studied in that the heat transfer stays constant in the single
phase region, and then at some superheat the heat transfer increased rapidly marking the onset of
nucleate boiling. The heat transfer in the single phase region is represented by
n ricovective V-^'*^/
where heat is transferred by convection. As soon as nucleation takes place,
n = nconvective 'Enucleation W- V
and there is a significant contribution from nucleate boiling to the heat transfer performance of the
surface. Nucleation takes place somewhere between 6C and 10C superheat for the polished
aluminum surface indicated by a rapid increase in the heat transfer coefficient h, shown in Figures
5.1.1-5.1.4.
In Figures 5. 1. 1 and 5. 1.2 the bulk water temperature is 80C. The difference is the flow
rate in Figure 5. 1.2 is three times the flow rate in 5. 1. 1. The single phase heat transfer coefficient
for Re = 2055 is 3300 W/m2K shown in Figure 5.1.1. The single phase heat transfer coefficient
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for Re - 6165 is 5450 W/m2K. The difference in flow rates causes the single phase heat transfer
coefficient to increase by 65%. According to the Dittus-Boelter equation:
NuD = (5.5)
and similar correlations for turbulent flow in circular tubes the heat transfer coefficient is
proportional to the Reynolds number to the 4/5th power:
hocRe*
(5.6)
According to this relationship, if the flow rate is increased by a factor of two, the heat transfer
coefficient will increase by a factor of 1.7. Increasing the flow rate by a factor of three produces a
heat transfer coefficient 2.4 times greater. In Figures 5. 1. 1 and 5. 1.2 the heat transfer coefficient
increased 65% but did not follow established relations for turbulent flow in circular tubes.
Nucleation starts at about 6C superheat for both flow rates and the heat transfer coefficient
increases rapidly as vigorous boiling occurs on the surface..
In Figures 5.1.3 and 5. 1.4 the bulk water temperature is 95C. The difference once again
is that the flow rate in 5. 1.4 is three times the flow rate in 5. 1.3. The single phase heat transfer
coefficient in Figure 5.1.3 is 3800 W/m2K. In Figure 5.1.4 we do not see an established single
phase heat transfer coefficient. The average single phase heat transfer coefficient, before the
onset ofnucleate boiling, can be approximated as 5500 W/m2K It is also interesting to note that
when comparing Figures 5.1.1 and 5.1.3, the same flow rate with different bulk water
56
wo
(Xra/M) V
u
o
H
<
H
i
D 00WO
o o o o o o o
o o o o o o o
o n o U-i o in o
00 r^ r-~ NO NO u-> /->
fcyn/M) H
CN
OO
NO
u
O
H
<
H
i
D
CN
o O o o o o o o
o o o o o o o o
in o in o n o in o
VO VO in in tj- Tf- m cn
ON
WO
Glwav) q
u
o
<
H
o o o o
o o o o
in >n n n
CN -h O Os
o o o o o o o
o o o o o o o
in in in in in in in
oo r no in rfr cn cn
(Xm/AY) V
w
h-H
o
I
temperatures, that the single phase value for the lower subcooling, the higher water temperature.
is 2 1% higher.
Figures 5.1.5 - 5.1.8 show the performance of the polished aluminum heater after the
surface was sintered. The surface was wetted with water and then dipped in 45 micrometer
spherical particles. The heater was then placed in an oven and baked at 425C for 4 hours. The
result was a porous surface that would theoretically perform better than the polished aluminum
surface.
The single phase heat transfer of the sintered plain surface with a Re = 2025 and a bulk
water temperature of 80C is 2600 W/m2K shown in Figure 5.1.5. For the same bulk water
temperature and Re = 6165 the single phase heat transfer coefficient is 4400 W/m2K, shown in
Figure 5.1.6. This shows that as the flow rate is increased by a factor of three, there is 69%
increase in the heat transfer coefficient in the single phase region. Figure 5.1.7 the bulk water
temperature is now 95C and the Reynolds number is 2418. The single phase heat transfer
coefficient is 3450 W/m2K In Figure 5.1.8 the bulk water temperature is again 95C and the
Reynolds number is now 7254. The single phase heat transfer is hard to determine in this case
because it fluctuates over the entire wall superheats presented. This is one of the few
experimental data sets where there is no definite single phase value.
By comparing Figures 5.1.1 and 5.1.5, the polished aluminum surface compared to the
sintered plain surface for the same flow rate and bulk water temperature, the single phase heat
transfer coefficient is lower for the sintered surface. As nucleation starts at similar superheats
between 6 and 8C the heat transfer coefficient is almost exactly the same. This indicates that the
sintering process did not help form nucleation cavities where more bubbles would form and thus
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increase the heat transfer coefficient. Comparing Figures 5.1.2 and 5.1.6 the sintered surface
once again does not perform as well as the polished aluminum surface. This also occurs when
looking at 5.1.3 and 5. 1.7, and 5.1.4 and 5.1.8.
Figures 5.1.9 - 5.1.19 show the performance ofMicrofin #1. The flow rate, bulk water
temperature, wall temperature, and swirl angle are the variable parameters. Figure 5.1.9 shows
microfin #1 with a bulk water temperature of 60C and a Reynolds number of 1565. The single
phase heat transfer coefficient is 3800 W/m2K Nucleation takes place between 2 and 4C wall
superheat. The heat transfer coefficient reaches a maximum of 4857 W/m2K at a wall superheat
of 8C. Figure 5.1.10 shows a bulk water temperature of 60C and the Reynolds number has
increased to 4110. The single phase heat transfer coefficient is 4650 W/m2K Nucleation again
starts around 2C wall superheat as we will see with all the experimental data sets presented for
microfin #1. With Re = 4110 the heat transfer coefficient reaches a maximum of 5940 W/m2K
with a wall superheat of 8C. Comparing Figures 5.1.9 and 5.1.10, as the flow rate is increased
the heat transfer is greater. In this case there is a difference of about 850 W/m2K, or a 22%
increase as the flow rate is doubled.
Comparing Figures 5.1.11 and 5.1.12 the swirl angle is changed with the same flow rate
and bulk water temperature. Figure 5.1.11 shows Re = 2025 and a bulk water temperature of
80C. The single phase heat transfer is 3800 W/m2K. The heat transfer coefficient reaches a
maximum of 5384 W/m2K at a wall superheat of 9.6C. In Figure 5.1.12 with the same bulk
water temperature and flow rate but with a swirl angle of
20
the single phase heat transfer
coefficient is now 4300 W/m2K The swirl angle is similar to the helix angle ofmicrofin tubes.
With a wall superheat of 10C the heat transfer coefficient is 8429 W/m2K. This shows a
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significant effect of the swirl angle on the heat transfer coefficient for a given surface. The single
phase heat transfer is increased by 500 W/m2K due to the disturbance in the flow caused by the
fins not being parallel to the flow. This enhancement also carries into the combined nucleate
boiling and convective heat transfer region.
Figures 5.1.13 and 5.1.14 again show the effect of swirl angle when the two figures are
compared. In Figure 5.1.13 with a bulk water temperature of 80C and a Reynolds number of
4110 the single phase heat transfer coefficient is 4850 W/m2K. The heat transfer coefficient rises
to 6021 W/m2K at 7.6C wall superheat. The single phase heat transfer in Figure 5.1.14, Re =
4110 and TBUUC = 80C, is 4900 W/m2K The heat transfer coefficient reaches a maximum of
9211 W/m2K at a wall superheat of 9.25C. This again shows that the swirl angle has a positive
effect on the heat transfer from a surface, especially in the combined boiling/convection heat
transfer region.
Figures 5.1.15 - 5.1.17 show similar results for variations in flow rate, and swirl angle.
Figures 5.1.15 and 5.1.16 show a bulk water temperature of 80C and a Reynolds number of
6165. The effect of swirl angle is again demonstrated. The single phase heat transfer coefficient
in Figure 5.1. 15 for 0 swirl angle is 6450 W/m2K and in Figure 5. 1. 16 for a swirl angle of20 it is
7800 W/m2K The maximum heat transfer coefficient in Figure 5. 1. 16 is very high with a value of
1 1047 W/m2K at a wall superheat of 7.6C. In Figure 5. 1. 17 the bulk water temperature is 90C
and the Reynolds number is 4582. The single phase heat transfer coefficient is 6800 W/m2K\ The
heat transfer coefficient reaches a maximumvalue of 12408 W/m2K at a wall superheat of 10.9C.
The results from Figure 5. 1. 16 and 5.1.17 show a heat transfer coefficient nearly double the single
phase value for a superheat ofonly 10C.
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In Figures 5.1.18 and Figure 5. 1. 19 it is apparent that there is some problem in the data
reduction technique using the ThermoNet model. This is apparent when looking at the fluctuation
in the single phase values, and not being able to reduce data with low subcooling and negative
wall superheat values. Because as the temperature difference between the wall temperature and
the bulk water temperature decreases the error in the values is magnified. The data starts to
fluctuate in the single phase region of negative wall superheat and return bad results for negative
wall superheats near the subcooling temperature.
In Figure 5.1.18 with a bulk water temperature of 95CC and a Reynolds number of 2418,
the single phase heat transfer coefficient is 5600 W/m2K. The maximum heat transfer coefficient
obtained at a wall superheat of 14.4C is 10435 W/m2K In Figure 5.1. 19, Re = 7254 and TBUUC =
95C, the single phase value is 8000 W/m2K, and the maximum heat transfer at a wall superheat
of 13.2C is 13748 W/m2K Comparing the single phase heat transfer coefficient in Figure 5. 1. 18
and 5. 1. 19, there is a 43% increase as the flow rate is increased by a factor ofthree.
Figures 5. 1.20 - 5. 1.22 show the performance ofMicrofin #1 after it has been sintered. 45
micrometer spherical particles were used in this process. Figures 5.1.20 and 5.1.21 show two
different flow rates (Reynolds numbers) with the same bulk water temperature of80C. In Figure
5.1.20 with a Reynolds number of 2055 the single phase heat transfer coefficient is 3550 W/m2K.
The heat transfer coefficient climbs to 8510 W/m2K at a wall superheat of 10.2C. In Figure
5.1.21 with a Reynolds number of 6165 the single phase heat transfer coefficient is 6100 W/m2K
The heat transfer coefficient reaches 10441 W/m2K with a wall superheat of 8.8C. Nucleation
seems to start a little later at about 4C for both Figures 5.1.20 and 5.1.21. There is a 72%
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increase in the single phase heat transfer coefficient as the flow rate is increase by a factor of
three.
By comparing Figure 5.1.11 and Figure 5. 1.20 the un-sintered microfin #1 performs better
than the sintered microfin #1 in the single phase region. Sintered microfin #1 then starts to
outperform the un-sintered microfin #1. It is assumed that this enhancement is due to the
sintering of the surface. This is the opposite result obtained when the polished aluminum surface
was sintered and compared to the un-sintered plain surface. This might be due to the surface that
the sintering coating bonded to or was placed on. The particles might have bonded better to the
microfin #1 than to the plain surface forming more cavities that became active as superheat was
increased. It is also observed that nucleation on the sintered surface seems to take place at a
slightly higher wall superheat possibly indicating the presence of different sized cavities than on
the un-sintered surface.
Figure 5.1.22 show us the performance of sintered microfin #1 with a bulk water
temperature of 80C and a Reynolds number of 6165 after the fins have been rotated 20. The
single phase heat transfer is 6400 W/m2K This is again slightly higher than in Figure 5.1.21 when
the finswere parallel to the flow. Nucleation starts at 3C and the heat transfer coefficient reaches
8925 W/m2K at 9.8C wall superheat.
Figures 5.1.23 - 5.1.30 show the performance ofMicrofin #2 over a range ofbulk water
temperatures, flow rates, and variation in swirl angle. Figure 5.1.23 shows the performance of
microfin #2 with a bulk water temperature of 80C and a Reynolds number of 2055. It is
immediately noticed that the heat transfer from this surface is lower than the other surface
presented to this point. The single phase heat transfer coefficient is 2300 W/m2K. With a wall
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superheat of 2 1.9C the heat transfer coefficient is only 3 104 W/m2K. Figure 5. 1.24 shows similar
results with a swirl angle of
20 The single phase heat transfer coefficient is 2425 W/nrK. The
maximum heat transfer coefficient obtained with a wall superheat of 21C is 3169 W/m2K. The
trend ofhigher heat transfer with a swirl angle of20 is still present but the overall performance of
the surface is poor compared to the other surfaces.
Comparing Figures 5.1.23 and 5.1.24 the effect of swirl angle is again demonstrated. In
the single phase region the enhancement is small but continues into the combined nucleate boiling
and convective heat transfer region. The effect of changing the bulk water temperature with the
same flow rates can be observed in Figures 5. 1.23 and 5. 1.25. In the single phase region the less
subcooled liquid at 95C performs better than when the bulk water is 80C. Nucleation starts at
10 to 12C for both cases with the difference in heat transfer coefficient staying constant with
increasing wall superheat.
In Figure 5.1.26 the difficulties with a low subcooling is seen once again. There is no
steady single phase heat transfer coefficient. Again the performance is poor compared to the
other surfaceswith the same parameters. Figures 5. 1.27 and 5. 1.28 again show the effect of swirl
angle. The heat transfer coefficient is below 4000 W/m2K for both figures with a wall superheat
double that in Figures 5.1.9- 5. 1. 19 for microfin #1.
Figures 5.1.29 and 5.1.30 show the heat transfer increasing throughout wall superheat
values starting at 0 and increasing to 20C. This is strange since there is no definite start of
nucleate boiling like is seen in the other graphs shown to this point.
Figures 5.31-5.38 show the performance of Microfin #3 as the same parameters are
varied. In Figures 5. 1.3 1 and 5. 1.32 we see that as the swirl angle is changed by
20
there is a 8%
84
n
CN
CN
n
11 CN
=tfc
o
o X
O
H
<; PJJ
CO u
^ H l-H
1
D ' 00
co cn
in
--
n
i
CN
GkWM) q
in
CN
CN
in
i 1 CN
3fc
5
X
O
CO
&
u
^ H l-H
b i ^
D
1
oo
co Tf
H CN
in
in
i
CN ^ On
cn cn cn cn
00
CN CN
NO
CN
in
CN CN
en
CN
CN
CN
(SrWAO q
in
CN
CN
in
CN
=H=
^ g
u X
o
O
H p4<
CO u
i
s
l-H
i
D
CO
1
00
in
-- 2 H cn
in
oo NO Ti CN 00 NO T*
cn cn en en m CN CN CN
C5UWAV) \[
in
CN
CN
in
11 CN
3fc
X
O
<
CO
&
u
^ H l-H
1
1
D 00
CO V
in
in
OO NO Ti CN oo NO TI
Tf cn cn en cn cn CN CN CS
(N
(xwm) q
in
CN
CN
in
co
H
">
in
i
o
in in
r- r> no ^o
cn cn en cn
in
m n
in
Tt Tf
cn cn cn cn
(wa) q
in in
cn cn cn cn
cn cn en en
CN
X
CN
ON
00
in
CN
CN
in
CN
=H=
/ N S
u X
O O
H p^
<
co u
H
i
l-H
D
CO
ON
OO
H CN
in
--
in
i
(xwa) q
CN
in
CN
=tfc
o X
O
P.
CO u
H l-H
s
p
'
ON
co o
m H CN
in
o
l-H
X
CxrWAO q
in
CN
CN
in
CN
=tt
^ 5
u X
o O
H P4
<
CO o
H
1
l-H
i
D
co
OS
o
H cn
in
in
i
CfcityM) q
enhancement see throughout the wall superheats studied. The single phase heat transfer in Figure
5.1.31 is 5000 W/nfK. The maximum heat transfer at a wall superheat of 10.5C is 8725 W/m:K.
This is higher than that of any other surface. With the surface rotated
20
and the same flow
conditions as in Figure 5.1.31, the single phase heat transfer coefficient is 5400 W/m2K.
Nucleation occurs between 6 and 8C on microfin #3. This is observed in Figures 5.1.31-5.1.38.
In Figures 5. 1.33 and 5. 1.34 there is again an enhancement by changing the swirl angle to
20 but this time it is more pronounced. This time the enhancement is 30%, and again fairly
constant over a wall superheat ofbetween -10 and 12C. In Figures 5.1.35 and 5.1.36, the bulk
water temperature at 95C and a flow rate of .253 GPM, the single phase values are close but
there is a definite increase in the heat transfer coefficient between 8 and 10C wall superheat. The
data again does not extend into the negative wall superheats because of the problems with the
ThermoNet data reduction technique at low temperature differences between the wall and the
bulkwater temperature.
In Figures 5.1.37 and 5.1.38 the effect of the swirl angle can again be seen. In this case
with a bulk water temperature of 95C and a flow rate of .759 GPM, the single phase values are
again similar with a slight increase when the swirl angle is increased to 20. In Figure 5.1.38 there
is more of a steady increase in the heat transfer coefficient compared to the other cases presented.
The onset ofnucleate boiling is not as noticeable in this case. The heat transferwith
0
swirl angle
is actually better than in Figure 5.1.38 with a
20
swirl angle which is different than the results
presented to this point.
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5.2 OVERALL PERFORMANCE:
Figures 5.2.1 and 5.2.2 show a comparison of the heat transfer performance of microfin
#1, microfin #2, microfin #3, and a polished aluminum surface. Microfin #3 out performs the
other three surfaces. Microfin #3 is followed by microfin #1, the polished aluminum surface, and
then microfin #2. The overall performance can be attributed to a combination of the surface
conditions and the shape of the surface. Microfin #1 had the roughest surface followed by
microfin #2 and microfin #3 and then the polished aluminum surface was the smoothest. The
geometry also enters into the performance of the surfaces.
Microfin #2 and microfin #3 had the same surface finish. Microfin #3 performs better than
microfin #2 indicating an influence from the surface geometry as expected. From this study a
trapezoidal fin shape with a height of .24 mm and a pitch of .87 mm would be suggested to
transfer the most heat from a surface. This is similar to the optimum microfin tube Ito and
Kimura [10] recommend with a fin height of .2 mm and a fin pitch ofbetween .5 and 1 mm.
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5.3 EFFECT OF SUBCOOLING:
The effect of subcooling is very interesting and tightly related to the flow rate for a given
surface. The subcooling or the temperature of the bulk liquid below the saturation temperature
has a large effect on bubble formation. For high values of subcooling bubble growth was slow
due to rapid condensation occurring on the top ofthe bubble. With low subcooling, bubbles were
very fast forming, and smaller in size. Bubble frequency also increased as the subcooling
decreased. The effect of subcooling is tightly connected with flow velocity. At low flow rates
there is not much change in the heat transfer coefficient with two different subcoolings. As the
flow rate increases the combined effect of subcooling and flow rate is exaggerated.
Figure 5.3.1 shows the effect of subcooling on a polished aluminum surface with bulk
water temperatures of 80 and 95C and Reynolds numbers of 2055 and 2418 respectively. The
effect of subcooling with the Reynolds numbers above show very little influence. The effect of
subcooling on microfin #1 is seen in Figures 5.3.2 - 5.3.5. In Figures 5.3.2 and 5.3.3 the swirl
angle is 0 and the subcooling is 40C and 20C corresponding to bulk water temperatures of
60C and 80C respectively. The effect of subcooling is small in Figure 5.3.2 for flow rates of
.253 GPM (velocity of .133m/s) corresponding to Reynolds numbers of 1565 and 2055. In
Figure 5.3.3 the flow rate is doubled to produce Reynolds numbers of 3 130 and 4110. The effect
of subcooling is greater and shows a slightly higher single phase heat transfer coefficient when the
bulkwater temperature is 80C.
In Figures 5.3.4 and 5.3.5 the micorfins have been rotated 20. Figure 5.3.4 shows the
effect of subcooling for bulk water temperatures of 80C and 90C for Reynolds numbers of4110
105
and 4582 respectively. The effect of subcooling is greater in this case due to the effect of
increased Reynolds numbers and subcooling combined. In Figure 5.3.5 the bulk water
temperatures are 80C and 95C. The flow has Reynolds numbers of 2055 and 2418
corresponding to 80C and 95C. The flow rate is once again small. The single phase heat
transfer coefficient is affected with the lower subcooling producing the higher single phase value.
As nucleation occurs the results are very similar, and the effect of subcooling is small. This shows
the dependence of the effect of subcooling on the flow rate. In the single phase region it is
proposed that the lower subcooling will produce a higher single phase heat transfer coefficient. In
the nucleate boiling region, the heat transfer coefficient is more dependent on the flow rate.
The effect of subcooling on microfin #2, shown in Figures 5.3.6 and 5.3.7, is different than
the behavior on the previous two surfaces. With a subcooling of 5, bulk water temperature of
95C, the heat transfer vs superheat curve is not typical compared to all the others presented.
There is no constant heat transfer coefficient in the single phase region as expected. At 12C wall
superheat the lower subcooling curve surpasses the higher subcooled liquid in heat transfer in
both Figure 5.3.6 and 5.3.7.
Figure 5.3.8 shows the effect of subcooling on microfin #3. The subcooling is 5C and
20C with a flow rate of .253 GPM. There is a slight increase in the single phase heat transfer
coefficient similar to the polished aluminum surface. As soon as nucleation takes place at 8C
wall superheat the heat transfer coefficient increases very fast indicating vigorous bubble activity.
This demonstrates the proposed effect of smaller bubbles forming at a higher frequency with
lower subcooling.
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5.4 EFFECT OF FLOW RATE:
Figures 5.4. 1 - 5.4.7 show the effect of flow rate on the heat transfer coefficient for swirl
angles of 0 and 20. A rather constant increase in performance is observed as the flow rate
increases. The enhancement in heat transfer stays fairly constant in both the single phase region as
well as the nucleate boiling region. This is observed for the polished aluminum surface in Figure
5.4. 1. In the single phase region the heat transfer coefficient is 2000 W/m2K or 61% higher when
the velocity is increased by a factor of three producing Reynolds numbers of6165 and 2055. This
increase is seen to stay approximately constant into the nucleate boiling region.
Figures 5.4.2 - 5.4.5 show similar results for microfin #1. Figure 5.4.2 shows a bulk water
temperature of60C and one flow rate double the other. The single phase heat transfer coefficient
is 19% higher as the flow rate is increased from .253 GPM to .759 GPM. This again stays
constant into the nucleate boiling region. Figure 5.4.3 shows a bulk water temperature of 80C
with three flow rates representing 10%, 20% and 30% of the maximum 2.53 GPM flow. With a
Reynolds number of 6165 the heat transfer coefficient is 33% greater than for a Reynolds number
of41 10. It is 71% greater than for a Reynolds number of2055.
Figure 5.4.4 shows the same bulk water temperature and flow rates as in Figure 5.4.3 but
the fin has been rotated 20. With a Reynolds number of6165 the heat transfer coefficient is 55%
greater than for a Reynolds number of41 10. The difference in heat transfer coefficient between a
Reynolds number of 4110 and 2055 is seen to be 200 W/m2K greater in the single phase region
and grow to 1000 W/m2K greater in the nucleate boiling region. Figure 5.4.5 shows a bulk water
temperature of95C and a swirl angle of
20
showing flows of .253 GPM and .759 GPM. In the
115
single phase region the heat transfer coefficient is 43% greater when the flow rate is increased by
a factor of three. The difference seems to grow to about 65% in the nucleate boiling region.
Figure 5.4.6 again shows a constant increase in the heat transfer coefficient vs wall
superheat as the flow rate increases for microfin #2. The increase in heat transfer coefficient is
89% when the flow rate is tripled. Figure 5.4.7 shows similar results for microfin #3 when the
flow rate is increased by a factor of three. The increase in heat transfer coefficient is 62%, and
stays constant until 10C wall superheat where the curves start to intersect.
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5.5 EFFECT OF SWIRL ANGLE:
Figures 5.5.1 - 5.5.8 show the effect of microfin orientation on the heat transfer
coefficient. In Figure 5.5.1, the heat transfer coefficient values in the single-phase region are
constant indicating no nucleation in this region. There is an improvement in the heat transfer
coefficient as the orientation angle increased from 0 to 20. As the wall superheat becomes
positive, the heat transfer coefficient begins to rise. This clearly indicates the inception of
nucleate boiling on the heater surface. The heat transfer coefficient rises more rapidly for the 20
angle microfin orientation. This result is in agreement with the experimental observation for the
circularmicrofin tubes where the optimum angle for heat transfer is identified to be around 15 to
25, as stated by Schlager et al. [25].
Comparing Figures 5.5.2 and 5.2.3, the effect of flow rate is again seen to be closely
related to the effect of swirl angle. As the flow rate is increased from Figure 5.5.2 to 5.5.3 we see
an improvement in the single phase region when the flow rate is increased. When the fins are
rotated
20
they disturb the boundary layer providing enhancement. As the flow rate is increased
this effect is exaggerated and the swirl angle provides enhancement in the single phase region as
well as the nucleate boiling region.
Figure 5.5.4 - 5.5.6 shows similar results for microfin #2. It is again noticed that as the
flow rate increases from Figure 5.5.4 to 5.5.5 that the enhancement becomes greater. Figure
5.5.6 is a little different than what has been seen to this point. There is no defined single phase
heat transfer coefficient as seen in almost all the other figures. The bulk water temperature is
95C and the flow rate produces a Reynolds number of 7254. The heat transfer coefficient rises
124
throughout the wall superheats presented. There is again a slight enhancement caused by rotating
the fins 20 to the flow direction.
Figure 5.5.7 and 5.5.8 show the effect of swirl angle on microfin #3. Figure 5.5.7 shows a
bulk water temperature of 80C and a flow rate of 6165. With the relatively high flow rate the
effect of swirl angle produces an increase in the heat transfer coefficient of 2400 W/m2K. In
Figure 5.5.8 the bulk water temperature is now 95C producing a Reynolds number of 7254.
Rotating the fins 20 provides an enhancement of2000 W/m2K in the single phase region.
It is seen that changing the orientation from
0 to 20 offers some enhancement in the
single phase region. Similar enhancements in the single phase region were observed by Khanpara
et al. [14]. Nucleation takes place at approximately the same wall superheat for swirl angles of 0
and 20.
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5.6 EFFECT OF SINTERING:
Sintering is expected to give significant improvements in the boiling heat transfer
component. This improvement is expected because by sintering particles on the surface a porous
surface is formed. This porous surface acts as a sponge with many interconnecting cavities. The
cavities can trap gas in them and feed each other. This allows for many cavities to become active
and by using different sized particles different cavity sizes can be formed. This allows for special
surfaces to be formed that will nucleate in the desired wall superheat range ofthe application.
Sintering is usually performed in an inert gas oven. Using the resources available at RIT
the sintering done in this work was performed in an air filled oven. This allowed the surface to
oxidize and perhaps negatively effect the enhancement provided by sintering.
In Figure 5.6. 1 - 5.6.3 the performance of the plane sintered surface can be seen compared
to the un-sintered polished aluminum surface. The un-sintered polished aluminum actually out
performs the sintered surface as seen in Figure 5.6. 1. This is perhaps caused by imperfections in
the sintering process used. It is reported that the thickness of the sintered surface should be 3 to
4 times the particle size. It was very difficult to obtain these results or quantify the results. The
method of applying the particle by wetting the surface might not evenly apply particles to the
surface and the sintering temperatures were also questionable. After melting a heater element, the
temperature was decreased to prevent damaging the heater. Figures 5.6.2 and 5.6.3 also show the
un-sintered polished aluminum surface performing better than the sintered surface.
In Figure 5.6.4 and 5.6.5 the performance ofmicrofin #1 after it was sintered is compared
to the un-sintered performance ofmicrofin #1. We see no improvement in the single phase region
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but nucleation starts 2 to 3 sooner on the sintered surface compared to the un-sintered surface.
It is proposed that this effect is caused because the size of the cavities were altered to a size which
nucleated sooner when the surface was sintered.
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5.7 EFFECT OFWALL SUPERHEAT:
The effect of wall superheat is also important in the heat transfer characteristics of a
surface. A surface can be designed to perform at a given surface temperature. In this study the
wall temperature was gradually increased. If the surfaces were to be used in an industrial
application the wall temperature desired would be around 10 superheat where nucleation is very
active providing very good heat transfer capabilities. Depending on the application, the desired
wall temperature might be very high or just above saturation temperature. Mamtaining the
surface in the temperature range to induce nucleate boiling will provide significant improvements
in the heat transfer capacity ofthe surface.
The presence ofnucleate boiling was also seen to be a major factor in the region ofhigh
wall superheat. Bubble nucleation over the microfin surface was observed using the high speed
camera. More nucleation sites became active and the bubble activity increased with increasing
wall superheat. As the wall superheat increased, the bubble activity increased over the augmented
surfaces until at highwall superheat, the bubble activity became blurred and finally could not be
observed even at a frame rate of 1000 frames per second. However the heat transfer coefficient
was very high, and continued to rise. We propose that bubble activity continues to occur even
though they can not be visually observed providing excellent heat transfer capabilities. Since the
bulk flow is subcooled liquid, the heat transfer enhancement can definitely be attributed to the
presence ofnucleate boiling.
Bubble activity on the microfin surfaces was almost entirely on the receding wall of the
fins. Fresh liquid at the bulk water temperature flowed over this area and did not cool the area as
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it did on the leading side of the fin. The top surface was always in contact with fresh liquid at the
bulk water temperature preventing the temperature gradient needed to induce nucleate boiling.
The combination of rapid bubble nucleation on the leading wall and area enhancement of the
microfins provided enhanced heat transfer from 1.25 to 2.5 times that of the polished aluminum
surface. These results are consistent with results reported by Schlager in Figure 5.7. 1.
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5.8 EFFECT OF MICROFINS:
Microfins are not only an area enhancement method but act to enhance boiling heat
transfer as well. The area enhancement of the microfins studied was between 1. 14 for microfin #1
to 1.26 for microfin #3. The overall heat transfer enhancement was between 1.25 and 2.5, thus
exceeding the convective heat transfer due to the area enhancement. There are many parameters
that effect the performance of a given microfin including swirl angle, fin height, fin pitch, fin
shape, angle ofwalls, fin tip length, and valley width. It is very difficult to isolate the effect of
each ofthese parameters and determine the optimummicrofin configuration.
This study is the first step in creating design criteria for microfin use. Thiswork on
subcooled boiling will help in the understanding ofthe complex nature ofboiling heat transfer. It
is hoped that thiswork will lead to the development ofuseful design criteria that can be used in
industry.
145
5.9 EFFECT OF SURFACE FINISH:
Boiling occurs at individual cavities on a surface. Not all cavities are the right size to
initiate boiling. Theoretical cavity sizes can be calculated where bubbles form at a given wall
superheat, see Cartwright [5]. The importance of cavity size is seen in this work through the
onset of nucleate boiling. Nucleate boiling occurred at different wall superheats for different
surfaces. The onset ofnucleate boiling on microfin #1 occurred between 2 and 4C. This is very
early as compared to the other surfaces in this study. The cavities present on the surface generate
bubbles at very low wall superheats. The average cavity diameter was determined to be 24
microns, see seetion 4.1. It appears that the cavity size present on the surface of microfin #1
initiates boiling sooner than the cavities on the other surfaces. Nucleation starts between 8 and
10C forMicrofin #3 with an average cavity size of4 microns. For the polished aluminum surface
and microfin #2 we see the onset ofnucleate boiling starting between 10 and 12C. The polished
aluminum surface had the smoothest surface with average cavity diameters of .2 microns.
Microfin #2 had a similar surface finish to microfin #3, with average cavity diameters of 4
microns.
Microfin #1 had the roughest surface finished followed by microfin #2 and microfin #3,
and then the polished aluminum surface had the best surface finish. For the polished aluminum
surface and microfin #2 and microfin #3 nucleate boiling occurred much later between 10 and
12C wall superheat. It is important that designers ofheat exchangers be aware of the significant
effect surface finish has on the heat transfer capabilities of a surface. Fouling becomes a
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significant problem in many heat transfer processes in industry and must be taken into
consideration.
In the future with a broad database the development of generalized predictive correlations
may be possible. Pressure drop is a concern when implementing the use of augmented tubes in
heat exchangers. In general heat transfer is enhanced more than the pressure drop increases.
Because of the significant increase in the heat transfer, reducing the size of heat exchangers is
possible. This size reduction could lead to lower overall pressure drop due to the reduced size in
spite ofthe pressure drop penalty associated with microfin tubes.
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6 BUBBLE GROWTH RATES
6.1 EXTENSION OF MIKIC AND ROHSENOWS (1970) BUBBLE GROWTH RATE
EQUATION:
Bubble growth models were studied in an extensive literature search. I chose to
concentrate onMikic et aL [18] andMikic and Rohsenow [17] because ofthe simple form of their
solutions. If a solution is very complicated it is impractical to use the solution to calculate bubble
growth where there is a simpler and easier to use solution available. For these reasons I chose to
concentrate on Mikic et aL [18] for bubble growth in a uniformly heated liquid. This model is
applicable to both inertia controlled growth and heat diffusion controlled growth. Mikic and
Rohsenow extended this model for heat diffusion controlled bubble growth in a non-uniformly
heated liquid.
These modelswere developed for predicting bubble growth in pool boiling. Conditions in
flow boiling are much different than in pool boiling. As a first look into Mikic and Rohsenow
[17] solution, their bubble growth curveswere plotted in non-dimensional form as seen in Figures
6. 1. 1 - 6. 1.3. Figure 6. 1. 1 show
t+ from .0001 to 1000 and R+ from .0001 to 1000. In Figure
6. 1.2 and 6. 1.3 the previous Figure is broken down into two sections. Figure 6. 1.2 show
t+ from
.0001 to 1 and
R+ from .0001 to . 1. Figure 6. 1.3 shows
t+ form 1 to 1000 and
R+ from . 1 to 100.
Their solutionwas found to model experimental data reported by Han and Griffith [8] within
20%. It is important to notice the size ofthese bubbles and the time they grow in. The maximum
size ofthe bubbles reportedwas around 1.5 mm The size ofbubbles reported byMizo [19] were
a maximum of 100 to 200um The maximum size ofbubbles in flow boiling are 7.5X smaller than
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in pool boiling. This can be accounted for by looking at the effect of flow velocity on bubbles.
The flow is always bringing fresh liquid around the bubble. This fresh liquid is cooler than the
stagnant liquid surrounding the bubble in pool boiling. This causes the bubbles to be smaller in
size and condense, or be removed from the surface in much less time than in pool boiling. The
time for a bubble to grow to its maximum size in the data reported by Han and Griffith [8] was
around 15 milliseconds. The range of time for a bubble to grow to its maximum size in flow
boiling is between 5 milliseconds and 1 10 milliseconds. This shows that in pool boiling the
bubbles are growing to a much larger size in a relatively short period of time.
Even though these large differences are present between pool boiling and flow boiling
MiMc and Rohsenow's [17] model was plotted for data presented byMizo [19] in flow boiling
conditions, and the match was terrible. Mikic and Rohsenow's [17] solution predicted the bubbles
to grow in a fraction ofthe actual growth time, and to a much largermaximum diameter. This
solidified the need for a new bubble growth solution for bubbles growing in flow boiling
conditions. Currently, there are no published models for predicting bubble growth in flow boiling.
Working withMikic and Rohsenow's [17] solution, an attempt was made to extend thismodel to
predict bubble growth in flow boiling.
For the first attempt, a new linear temperature distribution was assumed in the fluid. It
was assumed that this distributionwas constant and fresh liquidwith this temperature profile was
always moving past the bubble cavity. The following boundary conditions were used:
T(x, 0) = rw - f(T - Tb) =fix) (6. 1)
T(0,f) = Tv (6.2)
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Following Mikic and Rohsenow's [17] solution with the boundary conditions above, the bubble
growth equation in dimensionless form reduces to:
dR*
dr+ -(t+V (6.3)
where
r, = 4andr; =^
Using this solution, bubble growth rates in flow boiling, data provided byMizo [19], were
predicted. The bubble growth rate equation did not predict the experimental data. The trends in
the predicted values oft and R were consistent with expected trends. The trends expected were
that if the wall temperature increased the bubbles would be faster forming and grow to a larger
maximum radius. It is also expected that the bubble would grow to a maximum radius and then
start to collapse. These trends were present in the new solution but the values were off by an
order ofmagnitude or more.
The time predicted for a bubble to grow to its maximum radius had to be increased. The
next solution attempted to do this by incorporating an inertia term, which is important in the very
early stages ofbubble growth. Again re-working Mikic and Rohsenow's [17] solution the bubble
growth rate equation simplifies down to:
dR*
dt+
t++l-afe)'"
2ba
p^iB2R+
-(t+y (6.4)
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This equation showed some improvement but bubbles still grew too fast and too large in
srze.
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6.2 SUGGESTIONS FOR FURTHERWORK:
We see two major problems in the extension ofMikic and Rohsenow's [17] bubble growth
rate equations for use in flow boiling. The first problem is the assumption that the vapor
temperature inside the bubble remains constant. This is definitely not the case in flow boiling. As
the bubble forms, the vapor temperature inside the bubble is a function ofbubble radius. As the
bubble radius increases, the temperature farthest from the wall is much lower than for smaller
bubble radii. Incorporating this into a new bubble growth solution would slow down the bubble
growth with the influence ofcondensation taking place on the upper part ofthe bubble.
The second limiting factor in Mikic and Rohsenow's [17] solution is the assumption that at
the instant the bubble starts to form, the vapor temperature drops to the saturation temperature.
At the instant of bubble inception this produces an infinite heat flux causing the bubble to grow
very rapidly in a fraction of a second. To make this growth rate finite, a flatter slope is needed in
the transient temperature distribution of the liquid near the wall as the bubble starts to form. In
Mikic and Rohsenow's [17] model this value is assumed constant but in flow boiling we need to
consider it a variable.
A new solution is needed where the model is built around flow boiling instead of pool
boiling. The new model must incorporate the effect of flow velocity. The effect of flow velocity
would be represented in the vapor pressure and thus the vapor temperature in the bubble at
different distances away from the wall. Modeling the temperature distribution ofthe fluid is also a
problematic area ofMikic and Rohsenow's [17] solution. Can the temperature distribution be
approximated with a linear temperature as attempted above or do we need to use a 2-D model. If
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at all possible this should be avoided since the beauty in Mikic and Rohsenow's [17] solution is its
simplicity.
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7. CONCLUSION:
This experimental study of augmented surface performance is the first step in developing
models to predict the performance of augmented tubing in heat exchangers and in the cooling of
microelectronic chips using the flow boiling mode ofheat transfer. Experimental data collected
utilizing a high-speed flow visualization systemwas used in understanding augmented surface
performance. Heat transfer characteristics of flat augmented surfaces in subcooled flow boiling
with water at atmospheric pressure were obtained as functions ofthe microfin orientation and
Reynolds number.
Five augmented surfaces and a base line plain polished surface were prepared and their
performance was experimentally obtained in a 3 mm x 40 mm rectangular channel. Two microfin
orientations of
0
and
20
were tested by rotating the heater surface relative to the flow direction.
The heat transfer performance ofthe augmented geometries in the non-boiling (single-phase), and
boiling regions were obtained over a Reynolds number range of 1565 to 7254 and compared with
the plain surface performance.
OVERALL PERFORMANCE:
Microfin #3 outperformed the other augmented surfaces in this study. A fin geometry
similar to microfin #3 with a fin height of .24 mm and a pitch of . 87 mm is suggested. Similar
suggestions were made by Ito and Kimura [10], who recommended a fin height of .2 mm and a fin
pitch between .5 and 1 mm.
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EFFECT OF SUBCOOLING:
For high values of subcooling, bubble growth was slow due to rapid condensation
occurring on the top of the bubble. With low subcooling, bubble activity became more intense
with bubble departure sizes becoming smaller. The effect of subcooling is closely related to flow
velocity. At low flow rates there is not much change in the heat transfer coefficient as subcooling
changes. As the flow rate increased the combined effect of subcooling and flow rate is
exaggerated.
EFFECT OF FLOW RATE:
Heat transfer due to forced convection increases as the flow rate increases. It is expected
that nucleate boilingwill be initiated later on smaller diameter cavitieswith increasing flow rates.
This trend was qualitatively observed, but further experiments are needed to confirm these
findings.
EFFECT OF SWIRL ANGLE:
Increasing the swirl angle from
0 to
20
provides enhancement in the single phase and
boiling regions. The swirl angle acts to disrupt the boundary layer thus providing fresh liquid at
the bulkwater temperature to the surface. These results are in agreement with experimental
observations for circular microfin tubes where the optimum angle for heat transfer is identified to
be around 15 to 25, as stated by Schlager et al. [25]. Formicrofin #1 and microfin #2,
nucleation was initiated earlier with a
20
swirl angle as compared to a
0
swirl angle. For
microfin #3, the swirl angle did not have a major effect on nucleation inception.
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EFFECT OF SINTERING:
Sintering did not improve the heat transfer capabilities ofmicrofin #1 or a plain surface.
Improvements are needed in the even application ofparticles to the surface in the sintering
process. To acquire the enhancement typical of sintering, the bonding process also needs to be
improved by heating in an inert gas furnace. The main reason for the unimproved heat transfer
performance ofthe sintered surfaceswas a poorly sintered surface. Further work is warranted in
this area.
EFFECT OF WALL SUPERHEAT:
Bubble nucleation occurs in a certain wall superheat range. To improve the heat transfer
capabilities of a surface it should operate in the wall superheat range where boiling is present. As
the wall superheat increases further, the heat transfer continues to increase with faster and smaller
bubbles forming.
EFFECT OFMICROFINS:
Microfins are not only an area enhancement method but act to enhance boiling heat
transfer as welL A fin geometry similar to microfin #3 with a fin height of .24 mm and a pitch of
.87 mm is suggested. Similar suggestionswere made by Ito and Kimura [10], recommending a fin
height of .2 mm and a fin pitch between .5 and 1 mm
EFFECT OF SURFACE FINISH:
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The required wall superheat to initiate boiling was lower for a heater with a rougher
surface finish. Nucleation occurred between 2 to 4C wall superheat for microfin #1 with an
average cavity diameter of 24 microns. Microfin #2 and microfin #3 had average cavity diameters
of4 microns and a wall superheat of 8 to 12C was required to initiate boiling. The polished
aluminum surface had average cavities of .2 microns and a wall superheat of 10 to 12C was
required to initiate boiling.
BUBBLE GROWTH RATES IN FLOW BOILING:
Bubble growth rateswere also studied. A concentrated effort onMikic and Rohsenow's
[17] bubble growthmodelwas chosen for its simplicity. Experimental data taken byMizo [19]
for flow boiling ofwater on a flat polished aluminum surface was used to examine existing Mikic
and Rohsenow's [17] pool boiling bubble growth models. The growth rates predicted were much
too fast and the bubbles were too large in diameter. An attempt was made to extendMikic and
Rohsenow's [17] model to apply to flow boiling by imposing a linear temperature distribution
boundary conditions. This did not slow down bubble growth or reduce the size ofthe bubbles
predicted. An inertia termwas then inserted into the model and solved again. This new equation
still did not accurately predict bubble growth rates in flow boiling. Extending Mikic and
Rohsenow's [17] bubble growth model to flow boiling proved very complex. Problem areas in
applying Mikic and Rohsenow's [17] bubble growth rate model to flow boiling were identified as:
The assumption that the vapor temperature inside the bubble remains constant
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The assumption that at the instant the bubble starts to form the vapor temperature drops
to the saturation temperature providing an infinite heat flux at the instant ofbubble
inception.
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APPENDIX A
REYNOLDS NUMBER CALCULATION
R* = ir (A.1)
the hydraulic diameter, d.H'
dH =^ = 5.581395 x 10"3/w (A.2)
where Ac is the cross sectional area of the flow channel and Pw is the wetted perimeter ofthe
flow channel
Ac = (40 x I0~3m)(3 x I0~3m) = .12 x I0~3m2 (A3)
Pw = 40mm + 40mm + 3mm + 3mm- .086m (A.4)
the velocity corresponding to 10% ofthe maximum 2.53 GPM can be calculated as
v =
massflow
__
1.596293xlCT3^
Ac
~
Aim1
=
.133024y (A.5)
now the Reynolds number at different bulkwater temperatures can be evaluated
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Reynolds Numbers
Bulk Water Temp 10% Flow 20% Flow 30% Flow
60C 1565 3130 4695
80C 2055 4110 6165
90C 2291 4582 6873
95C 2418 4836 7254
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